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APPROXIMATE METHOD FOR D~G EQUILIBRIUM OPERATION OF

COMPRESSOR COMI?OIW3!TOF TURBOJXT ENGINE

By Merle C. Euppert

SUMMARY

A method is presented for estimating the equilibrium operating line
for a compressor as a component part of a turbojet engine. The per-
formsnce characteristics of the combustor, turbine, and jet nozzle are
treated in a simplified manner, so that the suitability of a given com-
pressor for jet-engine application maybe determined. The need for
compressor-dischargebleed, a variable-area jet nozzle, or both, to ob-
tain satisfactory engine acceleration maybe estimated from the position
of the equilibrium operating line and the compressor surge line.

Charts &e presented that maybe used to locate the equilibrium
operattig line on the performance map of the compressor component of a
turbojet engine operating at sea-level static conditions.

A comparison of predicted and measured equilibrium operating con-
ditions in terms of compressor pressure ratio and equivalent weight flow
indicates satisfactory agreement.

INTIK)DUCTION

In general, an accurate prediction of the equilibrium operating
conditions of a turbojet engine requires a knowledge of the performance
characteristics of each of the component parts of the engine. An analy-
sis of the performance of a turbojet engine based on the performance
characteristics of its component parts is presented in reference 1. Be-
cause of the many vsriables involved and the complexity of the component
characteristics,the computations are lengthy and the results lack
generality.

A method of predicting the equilibrium operating performance of
turbojet engines in which the complicated component processes are treated
in a simplified manner is presented in reference 2. The results are
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2 NACA TN 3517

somewhat more general thsn those of reference 1 snd demonstrate the ade-
quacy of the model processes used. The compressor model used in the
analysis was one in which the ratio of axial hlet- air velocity to com-
pressor tip velocity was a constant. In many cases the compressor per-
‘formsnce characteristics sre known, so that the simplified model of the
compressor is not required, and the principal question is whether the
known compressor stsll or surge line is such as to provide adequate mar-
gin for engine acceleration. Since the compressor stalJ-or surge line
is generally given as a plot of compressor pressure ratio against correc-
ted inlet weight flow, in order to compare results it seems desirable to :

obtain the equilibrium performance in terms of these variables.
co
m

The purpose of this report is to obtain generalized charts to per-
mit rapid computation of equilibrium operating points on the performance
map of the compressor component of a turbojet engine operating at static
sea-level conditions. The effect of heat addition in an afterburner on
the operating line is not considered, because engines we normally ac-
celerated frpm low speeds with the @%erburner inoperative (if the engine
is so equipped). The method incorporates simplified performance charac-
teristics of the turbine, jet nozzle, and bwner components. me work
was done at the NACA Lewis laboratory.
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SYMBOLS

The following symbols are used in this report:

effective cross-sectional area, sq ft

speed of sound, ft/sec

ratio of air flow bled from compressor discharge to compressor-
inlet air flow

fuel-air ratio

acceleration due to gravity, 32.17405 ft/sec2

total pressure, lb/sq ft

static yressure, lb/sq ft

gas constant, 53.345 ft-@(lb)(%)

total temperature, OR

blade speed, ft/sec

absolute velocity, ft/sec

weight flow of air, lb/see

—



NACA TN 3517 3

absolute gss flow angle measured from axial direction, deg

ratio of specific heat at constsnt pressure to specific heat at
constant volume

ratio of compressor-inlettotal pressure to NACA standard sea-level
absolute pressure, P/2116

adiabatic efficiency

polytropic efficiency

ratio of compressor-inlettotal temperature to NACA standard sea-
level absolute temperature, T/518.7°

tail-pipe totsl-pressure-loss coefficient

density,

pressure

lbfcu ft

coefficient

8ubscripts:

c

T

o

1

2

3

4

5

compressor

turbine

ambient conditions

compressor inlet

compressor outlet and combustor inlet

turbine-nozzle discharge

turbine butlet and tail-pipe inlet

jet-nozzle outlet

Superscript:

* vslue at

Parameters:

choked-fluw conditions
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AIUK!YSIS

Equilibrium operation of the components

NACA TN 3517

of a jet engtie requires
that the turbine power output be equsl to the power requ~ed to-drive the
compressor plus bearing losses snd power that m~ be extracted from the
turbine to drive engine accessories. At sea-level static conditions the
bearing losses and accessory power are generally negligible compared with
the power required to drive the compressor and consequently will be neg-
lected In the following analysis. This power-equsllityre@drement may
be stated in equation form as follows:

(1 -
‘3 Y1

B+f) —~c%=~
‘1

y3-1

Y3
[1

T1-l

P2
T1

()y
-1

[1

y3-1

P4

()

T3

1-
?

The station numbering system used is shown in figure

= T (1)

1. la order
to dete~e the turbine-met temperature T3 requ~ed to drive the

com essor, a relation between the pressure ratio of the compressor

rP2 P1 and the pressure ratio of the turbine P#P4 must be lmown. Such

a relation may be obtatied by making use of simplified models for the
turbine and jet nozzle similar to those used in reference 2.



NACA TN 3517 5

.

Turbine and Jet Nozzle

The ratio of the turbine-inlet totsl pressure to the smbient static
pressure at the jet-nozzle throat is related to the turbine totsl-
pressure ratio as follows in terms of pressure ratios of interest:

‘3 P3 P4 P5
—= —— —
P~ PA P5 P5

In order to esttiate the ratio P4/P5, the
. between station 4

with the velocity
.

and the jet nozzle at station
at station 5 in the fo~owing

2
P5V5

‘4 -P5=x —
2g

(2)

10ss in total pressure

5 is assuned to vary
way :

(3)

Zn terms of the ratio of totsl to static pressure at station 5,—
expression (3) becomes the following:

[1

T5-1

P4–1+ T5

[)

T5
~ P5 P5

-1
q

(4)
‘5 T5-1 g

If expression (4) is combined with expression (2), the following is
obtained:

‘3

[

75-1

Y-5

()P5E
The jet nozzle becomes choked when

Y5

1]‘‘5
-1 —

P5
(5)

T5-1

‘5
()

r5+l
~= ~

Since a simple converging nozzle is considered, P5/p5 cannot exceed the

vslue of choked flow as given by expression (6). In order to relate the

—-——-—.— —— ——. — —



6 NACA TN 3517

turbine pressure ratio to the area of the jet nozzle, other relations in
addition to equation (5) are required. These required relations mavbe
obtained from continuity considerations.

From continuity considerations the following

V3 & w51/% P5 P4

r

T3 %—— .—
~= P5% P4 P3 T5 A3

is obtained:

W3

~ (7)

2
b most cases the ratio w3/v5 is equsl to 1, but the term is retained a

m

so that cases where cooling air is added or hot gases are bled from the ●

tail pipe maybe considered. For one-dimensional compressible flow
through the jet nozzle, the following applies:

“ _=J~JG (8)

(

W5 ~

‘5%

When the effective area ~ is choked, P~P5 is the vslue given by

equation (6), snd expression (8) becomes

Shlilarly,

The temperature ratio

PJP4 and the turbine

()
W3~

/()

T3+1 ‘=1

53=- $7

T3/T4 is related to the

polytropic efficiency 88

(r3-u
~3 b,T

‘3 ‘3—.—

‘4 ‘4

(9)

(lo)

turbine pressure ratio

follows:

(U)

—
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For negligible heat loss between stations 4 and 5, .T4= T5. The pressme

ratio P4/P5 is given by expression (4). ~ expressions (4), (8), (10),

and (n) we substituted into expression (7), the following is obtained:

rl 2 175+1—

where

Expression (12) relates the turbine pressure ratio

( T3-1
_—1 ZT3

r)3=—

‘4

?PJC)

(E)

P3/P4 to the param-

eter ~ in terms of the ratio of total to static pressure in the jet
nozzle P5/p5 and the loss coefficient x. The turbine pressure ratio

reaches a maximum for any value of ~ when the jet nozzle chokes.

Compressor Pressure Ratio

The compressor pressure ratio is related to—
across the turbine and Jet nozzle

‘3 _ ‘2—.—
P5 ‘1

The combustor pressure ratio

combustor-inletvelocity pressure

p3/P5 in the

P3 P1 Po ~
—— —=
P2 P. P5

the pressure ratio
following way:

(13)

‘3/%2 in general depends on the

and the ratio of combustor-outletto
-inlet temperature T3/T2 (e.g., ref. 3). h the following anslysis

the burner pressure ratio is considered a constsnt, as in reference 2..

The ratio pi/PO is the rsm pressure ratio, which depends on the

flight Mach number and rsm recovery of the engine inlet., For a simple

. — .— ..—— .—.. —— —--_—— — —.- — — ——— --- —.—
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convergent jet
is, for values

nozzle operat~ with exit Mach

of p5/P5 less than that given

NACA TN 3517
“

nunibersless than 1, that
by expression (6),

25 = PO- Inasnmch as the turbine pressure ratio P3/P4 reaches a maxi-

= when the jet nozzle is choked (see expression (12)), the psrameter
P slso reaches a msximum when the jet nozzle chokes (see expressions
(5) and (13)). Consequently, for given values of conibustorpressure ratio
P~P2 ad ram pressure.ratio P~po, the product (p2/pl)(PO/P5) fs a

constant when the jet nozzle is choked.

The desired relation hetween compressor pressure ratio and turbine
pressure ratio needed for use with expression (1) is given by expressions
(5), (u), and (13). Figure 2 WSE constructed by use of expressions (5),
(12), and (13) for T3=T5 = 4/31 ~p,T = 0.85, and x = 0.14. With this

value of x, P4/P5 = 1.05 for sonic velocity in the jet nozzle. The

turbine pressure ratio P/P4 is plotted against the parsmeter ~ for

various vshes of the parameter 1. The lines of constant vslues of
p5/P5 are SlSO ti.eludedfor reference.

Equilibrium Operation

The turbine pressure ratio maybe determined for any given value of
compressor pressure ratio, ram pressure ratio, and conibustorpressure
ratio in terms of the psrsmeter ~ by use of figure 2. With the turbine
pressure ratio lnmwnfor each co~essor pressure ratio, equation (1)
maybe solved for the parameter T. The turbtie-inlet temperature T3

required for equilibrium operation ie thus determined in terms of the
compressor and turbine efficiency, the percentage of the compressor-inlet
air flow bled from the coupessor discharge B,_snd the combustor fuel-
air ratio f. The variation of the parameter T with compressor pres-
sure ratio P2/P1 for various values of the parameter A is shown in

figure 3. The ram pressure ratio p@o was taken equsl to 1 (static

conditions), and the couilmstor.~ressure ratio P3/P2 was taken equal to

0.97. The jet-nozzle choktig line and lines for turbine pressure ratios
P3/P4 of 2 and 2.5 sre included for reference. As canbe seen from the

figure, the parsmeter ~ varies nearly linesrly with compressor pressure
ratio over Q rsmge of compressor preisure ratios for all vslues of the
psrsmeter A. For caaes where (#’/w)3 = 1 (choked turbime’nozzle),

W3 = W5, and B = f (leakage and cooling-air flow at compressor discharge

equal to fuel flow), figure 3 represents the variation of (T3/T1)(vcvT)

at equilibrium with compressor pressure ratio for various vslues of the
ratio of the effective areas of the jet nozzle and turbine nozzle ~/A3.
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Compressor Weight Flow

CN
m
u-i
u

.

The corrected weight flow at the compressor inlet may be_determ~ed
from continuity considerations. B terms of the parameters A and T,
the continuity relation maybe written as follows:

I
[ -

(14)

For each value of compressor pressure ratio p2/P1 and the parameter

~, the vslue of ~_ for equilibrium is given by figure 3. The variation
of the parameter w with compressor pressure ratio for each of several
values of the parameter ~ is shown in figure 4. As was the case with
figure 3, the burner pressure ratio P<P2 was taken equsl to 0.97 and

T3 was taken equal to 4/3. Contours of constant values of the term ~

are also shown along with the jet-nozzle choking line and two values of
turbtie pressure ratio. Compressor pressure ratio is the ordinate of
figure 4, and the abscissa involves the equivalent weight flow through
the compressor ~ @/6. Compressor performance maps are generally

plotted in a similar msnner, with constant values of equivalent compres-
sor speed as a parameter. The equilibrium operating ltie on a compressor
map is the locus of equilibrium vsl.uesof pressure ratio and equivalent
weight flow at each compressor speed.

The use of figure 4 to estimate the equilibrium operating line in-
volves the estimation of the variation in (w[@)s with compressor pres-

sure ratio. lh the range of compressor pressure ratio where the turbine
nozzle is choked, that i% (w~w*)s = 1, the estimated equilibrium oper-

ating line is the line of a constant value of the psrameter ~ that
passes through the point of &_sign compressor pressure ratio and the de-
sign vslue of the parsmeter T. At compressor pressure ratios where the
turbine nozzle is not choked, the variation in (w/w*)s may be estimated

by the method outlined in the following section.

The ratio of effective

essentially constant as the

Turbine Choking

sxeas “~~~ in the parameter T remains

compressor pressure ratio is varied, but the

— ---- .——...-— .—. — ~.——— -—— —-—.— —.—— ——
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.

ratio of the turbine weight flow W3 to the choking vslue @ may vary

somewhat ss the compressor pressure ratio is varied. The ratio (W/fl)3

is generally essentially conbtant over a range of compressor pressure
ratios near the design value but falls to zero as the compressor pressure
ratio approaches 1. The actual variation in the term (w/w*)3 tith com-

pressor pressure ratio depends somewhat on the turbtie design details
and the nuniberof turbine stages used.

m
b order to more definitely establish the compressor equilibrium - In

u)
operating line at pressure ratios somewhat less than design, the varia-

vl

tion in (w/fi)3 with turbine pressure ratio P3/P4 for the two ex-

tremes of a single-stage turbine and a multistage turbine will be con-
sidered. For single-stage turbines with axial discharge from the tur-
btie, the ratio (w/++)3 may be esttiated ~ fo~ows= From cont~uiti~

the following is obtained:

Let

[1
y-3-l

T3-T4’

()

P4 r3
=~~1- ~

‘3 3

Y3-1
‘snd, from

‘3 - ‘4
= “— UTV3 Sill ~)
T3~

()
2

‘3 - ‘4
y3-1 UT

‘WT ~
‘3

= 2 T3+1

(M)

(16)

(17)

(18)
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Substitution of expressions (16] to (18) into (15) yields the following:

(,*),=F)*.Z{- 2:2%[-E)?~ {R%[-k)q}

(1.9)

For single-stage turbines, the pressure coefficient $T is generallyno

greater thsm 2 and the turbine-nozzle discharge flow angle ~ is gen-

erally between 60° and 70°. The value of VT is approximately constant

slong the equilibrium operating lime.

For multistage turbines, the ratio of the weight flow to critical
weight flow may be approximatedby the following formula taken from ref-
erence 4:

The ratio of the weight flow to criticsl weight

by expression (19) for values of the parameter

(20)

flow (w/w*)3 determined

~Tq~sin2~3 of 1.5 and

2 is plotted in figure 5 along wtth values determined by expression
(20). As canbe seen from the figure, (w/w*)3 is substantially constant

for turbine pressure ratios greater than about 2.5 for the &ltistage
turbine and about 2 for the single-stage turbine. Operating lines for
two- or three-stage turbines would presumably fall between those for the
single-stage and that for the multistage turbine.

DISCUSSION

The charts included in the report (figs. 2 to 4) for use in esti-
mating the equilibrium operating line were constmcted on the basis of
the fo~owing assumptions with regard to
and tail

.
(1)

~ (2)

pipe:

Combustor pressure ratio P~P2

Tail-pipe loss coefficient x =
pressure ratio p4/p5 = 1.05

pressure losses in the ccmibustor

= 0.97

0.14, resulting in tail-pipe
when jet nozzle is choked

— . . .——.——.- .——__— __ .— ..—- —.
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These assumed losses are consistent with modern jet-engine component
characteristics.

The ram pressure ratio used in constructing figures 3 and 4 corre-
sponds to static conditions with no engine-inlet losses. For conditions
when the jet nozzle is choked, the vslhzesof the parameters F, 1, and
; in figures 3 and 4 would be the same for all values of rsm pressure
ratio greater than 1. That i~, for a given value of compressor pressure
ratio P2/Pl and parsmeter A such that the jet nozzle is choked, the

values of ~ and ; given in figures 3 and 4 would be the same for all
vslues of ram pressure ratio greater than 1. E, however, the je~ nozzle
is not choked, an ticrease in rsm pressure ratio would increase P and
consequently increase the turbine pressure ratio

J
P P4 (see fig. 2).

The incre~ed turbine pressure ratio would result in a value of the pa-
rameter T les& than that given by figure 3 and consequently a value of
the parameter w greater than that given by figure 4. Therefore, in-
creased ram pressure ratio tends to shift the e uilibrium operating line

?/to higher values of compressor weight flow W1 e 5 when the jet nozzle

is not choked, but has no effect on the operating line when the jet noz-
zle is choked.

Design-Point Operation

The equilibrium operating line based on the assumptions used maybe
estimated by use of figures 2 to 5 as follows. At desiq conditions the
compressor pressure ratio p2/pl> weight flow w@/5A1, and the ratio of

turbine-inlet to compressor-inlettemperature T#T1 are specified. IY

the compressor performance map is lmown, the compressor efficiency 7C

is determined. An attainable value of turbine efficiency based on past
experience may be estimated along with the value of bleed B, which ac-
counts for air bled for cooling or other purposes and seal leakage. The
vslue of w~w5 is also givenby the design and will genersllybe equal

to 1 unless some form of turbtie cooling is incorporated in the design.
Encases where air-cooling of the turbine is used, airmaybe bled from
the compressor, passed through hollow turbine blades, and discharged in-
to the tail pipe. In cases where the vslue of B consists of only sesl-
leakage flow, it maybe sufficiently accurate to consider the fuel flow

egqal to the leakage flow (B = f) ● If, however, additional refinement
is desired, the fuel-air ratio f maybe calculated from vslues of T2

and T. for an assumed cmibustion efficiency by use of charts such as
a

those presented in ref. 53 The desigg conditions then determine ~ and

p2/plj snd the v&me of X may be read from figure 3 or figure 4. The
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corresponding value of ~ is read from figure 4. The only unknown in
; at design conditions.is the jet-nozzle area term A#A1, which may be

computed if desired. Design conditions thus determine-the vslue of ~
and the jet-nozzle area-ratio parameter ,@A1.

Off-Design Operation

For a fixed-geometry engine - that is, where
%& ~d A5[%

are kept constant as the compressor pressure ratio is varied - the oper-
ating line is the line of constant ~ (~ determinedly the design con-
ditions) over the range of compressor pressure ratios for which (w/w*)3

is constant. As shown by figure 5, (w/@)3 is nearly constsnt for tur-

bine pressure ratios greater than about 2.5 for a multistage turbine or
greater than about 2 for a single-stage turbine. The lines indicating
turbine pressure ratios of 2.0 and 2.5_were added to figures 3 and 4 to
aid in determining for any value of A the range of compressor pressure
ratios over which the turbtie nozzle is essentially choked. m my
cases the turbine nozzle will be essentially choked over the entire rsnge
of compressor pressure ratios of interest. H, however, it is desired
to determine operating points in a range of compressor pressure ratios
where the turbine nozzle is not choked, the variation in the value of ~
from its value at the design point maybe es%imatedby use of figures 2
and 5. Figure 2 As used to determine the turbine pressure ratio for the
design value of A, and figure 5 is used to estimate the value of
(lT/W*) s.

The effective area ratio A#A3, which remains essentially constant

for all engine operation, is calculated from the desi~ vslues of ~
snd (w/w*)3. For a selected compressor pressure ratio P2/Pl, a trial

vslue of (w/w*)3 is selected and a trisl value of ~ is calculated.

From the selected compressor pressure ratio and the trial vshe of ~,
a turbine pressure ratio PJP4 is read from figure 2 that allows a

vslue of (w/#)3 to be read from figure 5. If this is not equal to the

trisl Value of (w/#)3, the process is repeated’untfl the two values

agree. The final value of the parameter ~ is then used in figure 4 to
obtain the value of G.

A trial value M compressor weight flow w@/5 maybe computed
from = and estimated values of ~ and TIT. The value of qC ob- “

tained from the compressor map corresponding to the selected pressure
ratio snd computed w@/5 is then compared with the estimated value

-- —--— .— ——..—. ...—
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of llfJ. When the estimated efficiency and the value on the compressor

map at the estimated operation point agree, the operating point is lo-
cated on the compressor map. The most conservative (lowest) values of “
the parameter V snd w @[b will naturally be obt&ned if the multi-
stage turbine is considered. H’, however, the jet engine considered has
a compressor pressure ratio P2/P1 less than about 5, a single-stage

turbine may be adequate..

A comparison of the estimated equilibrium operating line with the
compressor stall-limit line may be used to determine the necessity for
the use of variable-geometry devices to aid in obtaining satisfactory
engine acceleration. The effect of compressor-dischargebleed and a
variable-area jet nozzle can be obtained directly from the charts.

The effect
ing line may be

Effect of Compressor-DischargeBleed

of compressor-dischargebleed on the equilibrium operat-
estimated by use of figure 4. The principal effect of

bleed will be to change the value of (T3/T1)qC~ in the paameter ~

and wlfi/5 in the parameter T. Ih genersl, at a given compressor

pressure ratio an increase in bleed results in an increase in the value

J
of T T1 S@ W@/E. The operating line is moved away from the stsll

line, but the turbine-imlet temperature is increased.

Effect of Jet-Nozzle Adjustment

The effects of adjusting the jet-nozzle area maybe estimated by_
considering the effect of the variation of ~[~ in the parameter A

and of ~/~ h the parameter F. Iimsmuch as a change in ~ will

cause a change ti the turbine pressure ratio PJP4 for a given compres-

sor pressure ratio p2/pl~ the vwiation in (W/IT*)3 with compressor

pressure ratio should probably be reestimated for each jet-nozzle area
~ considered. lh general, an increase in jet-nozzle area will reduce

T~T1 ad increase wfi~b.

EXAMPLE AND COMPARISON WZ133JET-ENGINE DATA

~ order to illustrate the use of the method of estimating equi-
librium operating performance, an exsmple is included. The design
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pressure ratio of the compressor is 6.6, and

(T#TI)~c~T is 2.8. The amount of air bled

15

the design vslue of
from the compressor dis-

charge is estimated to be equal to the.fuel flow, that is, B = f. No
cooling air is discharged into the tail pipe, so

‘3 = w5. The corre-

sponding value of ~ from figure 4 is 2.585. The equilibrium operating
&Lne for a choked turbine is the line on figure 4 for the value of
A= 2.585. The deviation from the operating line with a choked turbine
is obtained by determining the variation in turbine pressure ratio
P3/P4 with compressor pressure ratio P2/P1 from figure 2, for a vslue

of ~= 2.585. The variation in (w/#) z is then estimated by use of

figure 5. The estimated equilibrium operating lines for a choked tur-

bine, a Si.Ugk-StSge turbine with a VdUe Of vT~T/8h2~ = 1.5, and

for a multistage turbine are shown in figure 6. Data obtained from a
jet engine incorporateing the compressor considered driven by a two-stage
turbine and using a simple conical jet nozzle are shown in figure 6 for
comparison. The jet-engine data were obtained at sea-level static con-
ditions (i.e., P~Po = 1). The ordinate and abscissa of figure 6 have

been divided by the correspondtig design values. The data points lie
between the predicted operating lines for the single-stage turbtie;and
the multistage turbine. The agreement between the predicted and measured
operating lines is considered satisfactory.

CONCLUDING REMARKS

A method has been presented for estimating the equilibrium operating
line for a compressor as a component part of a turbojet engine. The per-
formance chsracteristicB of the combustor, turbine, and jet nozzle have
been treated in a simplified manner, so that the suitability of a given
compressor for jet-engine application may be determined. The need for
variable-geometrydevices to obtain satisfactory engine acceleration may.
be determined from the position of the equilibrium operating line rela-
tive to the compressor stall-limit (surge) line. The effects of
compressor-dischargebleed snd a variable-srea jet nozzle can be esti-
mated directly from the chsrts presented.

The results of the anslysis exe presented in chart form to facili-
tate rapid determination of equilibrium operating lines of a jet engine
operated at static sea-level conditions.

A comparison of predicted and measured equilibrium operating con.
ditions in terms of compressor pressure ratio smd equivalent weight flow.
indicates satisfactory agreement. \

‘\

Lewis Flight Propulsion Laboratory
.

National Advisory Committee for Aeronautics
Cleveland, Ohio, April 12, 1955
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